Introduction
Disturbance of gut integrity has been proposed to drive systemic inflammatory response syndrome (SIRS) and to promote multiple organ failure (MOF). Balanced homoeostasis in the gut is critically regulated by 3 closely interrelated entities: the epithelium, the immune system, and the microbiome. Distant organ damage frequently follows cytokine and endotoxin release from the gut, a finding that has established the gut as an origin of sepsis and MOF (1) . In line with this finding, gut permeability is increased after severe tissue trauma, in different forms of shock and also in critically ill patients in intensive care units. Increased gut permeability can therefore also be used as an early marker for the development of MOF (1) . In this context, enhanced gut permeability can be induced by inappropriate intestinal apoptosis (2) . The disturbed barrier sustains an inflammatory environment and, in turn, can lead to alterations in the virulence of the microbiome, an observation that has been termed acute gastrointestinal injury (AGI) (3) . Besides the gut, the liver and lungs are also frequently affected during SIRS and MOF (4) (5) (6) . Recent evidence shows that the mechanisms that first lead to intestinal injury also induce the release of nonbacterial proinflammatory signals and factors that cause distant tissue damage. Thus, gut-derived factors might indirectly contribute to SIRS and subsequent MOF (1, 6) . Hence, it appears reasonable that a common molecular event can mediate the damage at each respective site. For instance, Fas ligand, a known inducer of apoptosis, was found to be highly expressed in both AGI (7) and acute lung injury (8) . This observation suggests that an organ-spanning factor might exist that initiates apoptosis during MOF. Notably, apoptosis is essential not only during MOF but also for the pathogenesis of a variety of non-SIRS-related gastrointestinal disorders (9) such as ischemia/reperfusion injury, Dysregulated intestinal epithelial apoptosis initiates gut injury, alters the intestinal barrier, and can facilitate bacterial translocation leading to a systemic inflammatory response syndrome (SIRS) and/or multi-organ dysfunction syndrome (MODS). A variety of gastrointestinal disorders, including inflammatory bowel disease, have been linked to intestinal apoptosis. Similarly, intestinal hyperpermeability and gut failure occur in critically ill patients, putting the gut at the center of SIRS pathology. Regulation of apoptosis and immune-modulatory functions have been ascribed to Thirty-eight-negative kinase 1 (TNK1), whose activity is regulated merely by expression. We investigated the effect of TNK1 on intestinal integrity and its role in MODS. TNK1 expression induced crypt-specific apoptosis, leading to bacterial translocation, subsequent septic shock, and early death. Mechanistically, TNK1 expression in vivo resulted in STAT3 phosphorylation, nuclear translocation of p65, and release of IL-6 and TNF-α. A TNF-α neutralizing antibody partially blocked development of intestinal damage. Conversely, gut-specific deletion of TNK1 protected the intestinal mucosa from experimental colitis and prevented cytokine release in the gut. Finally, TNK1 was found to be deregulated in the gut in murine and porcine trauma models and human inflammatory bowel disease. Thus, TNK1 might be a target during MODS to prevent damage in several organs, notably the gut.
Thirty-eight-negative kinase 1 mediates traumainduced intestinal injury and multi-organ failure Milena Armacki, 1 Anna Katharina Trugenberger, 1 Ann K. Ellwanger, 1 Tim Eiseler, 1 Christiane Schwerdt, 2 Lucas Bettac, express well in postmitotic cells (Michael Kyba, personal communication). Initially, we examined transgene expression across various organs. Before induction, TNK1 expression was hardly detectable in most of the organs examined but could be readily induced upon application of doxycycline (Supplemental Figure 1 , A-C; supplemental material available online with this article; https:// doi.org/10.1172/JCI97912DS1). After 12 hours of induction, we observed a homogeneous expression of the transgene along the crypt-villus axis in the small and large intestine and minor expression in the liver (data not shown). Twenty-four hours after the start of doxycycline treatment there was a maximum TNK1 expression in the gut, but only patchy expression in the pancreas, liver (Supplemental Figure 1 , A-C), and bone marrow (Supplemental Figure  1D) . Notably, staining against the Myc tag and the TNK1 protein using a polyclonal antibody showed an identical pattern of TNK1 expression along crypts in the small intestine and colon. Since the Myc tag antibody detects only recombinant, tagged protein, there is no immunostaining in control mice. The polyclonal TNK1 antibody detects not only the basal physiological level of TNK1 in sham mice but also an increase of TNK1 expression in response to doxycycline treatment (Supplemental Figure 1A ). TNK1 expression was not detectable in the lungs, kidney, brain or heart (Supplemental Figure 1B ). Expression of TNK1 causes severe distress. The first remarkable observation in TNK1-expressing mice was a substantial change in their locomotor activity (LMA) (26) . Within the first 24 hours after induction of TNK1, the mice exhibited a significant decrease in their LMA (total distance) compared with saline-treated mice ( Figure 1B ). Altered LMA was particularly pronounced during the nocturnal, active phase, when control mice exhibited their peak activity. This observation was accompanied by decreased intake of food and a drop in body weight by 10%-15% ( Figure 1, C and D) . Also, we observed hypothermia in TNK1-expressing mice with an average core body temperature of 28°C, 24 hours after doxycycline treatment ( Figure 1E ). Hypothermia is a hallmark of stress and is also indicative of sepsis in mice (27) . In line with this, mice also showed a significant drop in plasma glucose levels and an increase in plasma corticosterone ( Figure 1F ). Moreover, total and differential leukocyte counts implied a systemic bacterial inflammation; there was a significant increase in the total number of white blood cells and the absolute numbers of granulocytes and monocytes ( Figure 1G ). This and the slightly decreased proportion of lymphocytes of the whole white blood cell count indicated bacterial inflammation ( Figure 1G ). TNK1-expressing mice also exhibited anemia as demonstrated by a reduced number of circulating red blood cells and a decrease of both hemoglobin and hematocrit values ( Figure 1H) . Notably, the hematological changes observed were not due to an adverse effect of doxycycline or a result of the TNK1 expression in bone marrow cells (Supplemental Figure 1E and Supplemental Figure 2 , A and B). Various factors contribute to the development of anemia, including blood loss, increased erythrocyte destruction, e.g., during sepsis, and impaired red blood cell synthesis. However, all these systemic alterations present in TNK1-expressing mice can occur during a SIRS (27) .
TNK1-expressing mice exhibit a coagulation disorder and early death. In patients with SIRS, changes in biomarkers of coagulation or fibrinolysis leading to hypercoagulopathy, as well as low necrotizing colitis (10) in infants, infectious diarrhea, celiac disease (11) , and chronic inflammatory bowel disease (IBD) (12) .
One of the hallmarks of AGI and inflammatory gastrointestinal disorders is the excessive production of proinflammatory cytokines, e.g., TNF-α, which promotes the massive tissue damage in the gut and distant organs (5, 13) . Intestinal epithelial cells have been described as a source of IL-6 upon stimulation with proinflammatory cytokines, e.g., TNF-α (14) . Finally, it has been shown that TNF-α peaks with maximum intestinal injury frequently occurring upon liver transplantation (15) and also sustains chronic inflammation in IBD. Anti-TNF-α antibodies have become a mainstay in IBD treatment. Therapeutic neutralization of TNF-α not only limits the inflammation but also improves intestinal barrier function and has an impact on apoptosis of mucosal immune cells and the formation of regulatory macrophages, as well as other immune-modulating properties. Similar features can be found in AGI. Despite all this knowledge, the factors mediating the damage in the intestinal tract during AGI, IBD, and SIRS are only partly understood.
Here, we propose Thirty-eight-negative kinase 1 (TNK1) as a critical mediator of intestinal apoptosis and subsequent organ failure. TNK1 is a member of the ACK family of kinases initially isolated from CD34 + Lin -CD38 -stem/progenitor cells (16) . Its transcripts can be detected in many fetal tissues, including the gastrointestinal tract (ref. 16 and our unpublished data), but in only a few adult tissues, including prostate, testis, ovary, small intestine, and colon (17) . TNK1 expression was also detected in leukemia and pancreatic cancer cell lines. Data suggest a not-well-studied role of TNK1 in the differentiation of the gastrointestinal tract, in particular in the small and the large intestine but also in some tumors (18, 19) . Expression of this kinase appears to be tightly regulated in adult tissues. Examination of the murine Tnk1 promoter revealed that cellular stress reverses the otherwise strong repression of the Tnk1 promoter and induces TNK1 expression through increased high-affinity interactions between the nuclear proteins SP1, SP3, AP2, and MED1 (20) . Once expressed, the kinase shows maximum catalytic activity. Interestingly, there are no known physiological activators that can further increase the activity of the kinase. This feature of TNK1 activity could explain why its expression is so tightly regulated. TNK1 can exert both tumor suppressor and oncogenic activities (19, (21) (22) (23) . It can downregulate RAS activity (24) , and Tnk1-knockout mice have been reported to develop tumors (19) . Interestingly, TNK1 expression/activity enables TNF-α-induced apoptosis (17) .
Here, we identify TNK1 as a potent mediator of intestinal apoptosis that in turn disturbs intestinal barrier function, leading to induced MOF of gut origin. Conversely, deletion of TNK1 from the intestinal epithelium protects mice from inflammation-induced injury.
Results
A TNK1 gain-of-function mouse model. Under physiological conditions, TNK1 is expressed at low levels in few adult tissues, including the intestine, and its expression determines its catalytic activity. To analyze the effect of TNK1 expression in vivo, we established a mouse model with doxycycline-inducible expression of TNK1 using a previously described Cre-flox-based, inducible cassette exchange system (ref. 25 and Figure 1A) . The doxycycline-inducible locus expresses best in proliferating cells, while it does not encounter a massive breakdown of the intestinal epithelial barrier, resulting in bacterial translocation, SIRS, and ultimately death. TNK1 induces apoptosis predominantly at the intestinal crypts. Next, we were interested in the mechanisms that caused the rapid damage of the intestinal epithelium. Since TNK1 has been shown to induce apoptosis of certain cell types (17), we examined whether apoptosis could be the driving force of intestinal damage in our model. We measured mRNA expression of antiapoptotic (Xiap, Bcl2, and Mcl1) and proapoptotic (Bax, Bad, Bak, and Bcl2l11 [Bim]) genes, respectively. Interestingly, both marker sets were upregulated in the small and large intestine of TNK1-expressing animals ( Figure 3 , A-C, and Supplemental Figure 3, A and B) .
To determine the net effect of these marker gene alterations, we assessed the protein levels of relevant apoptosis effectors by Western blotting. We could detect increased levels of cleaved caspase-3 (cC3) and cleaved PARP (cPARP) in the gut of TNK1-overexpressing mice, indicating induction of apoptosis ( Figure 3D ). To determine where the apoptotic cells were distributed along the crypt-villus axis in our mouse model, we performed immunostaining for cC3 and counted the positive cells at the respective positions (30) . Intriguingly, there were significantly more apoptotic cells in crypts than at the villi ( Figure 3 , E and F). Immunostaining for the Myc-tagged TNK1 in doxycycline-treated mice excluded that the distribution of cC3-positive cells was merely due to spatial variations in the expression levels of the TNK1 transgene (Supplemental Figure 1D) .
Ablation of the stem cell compartment impairs regeneration and allows intestinal failure. Intestinal stem cells reside at the crypt basis and give rise to differentiated progeny (31, 32) . We were interested in whether the stem cell compartment is more vulnerable to TNK1-driven signals that potentially compromise the regenerative capacity of the intestinal epithelium. Indeed, transcript of the stem cell marker Lgr5 was markedly reduced in the gut of TNK1-expressing mice compared with sham-treated counterparts ( Figure 3G ). Consistently, cC3 immunostaining revealed positive cells at crypt positions reported to be the pools of Lgr5 + and position +4 stem cells ( Figure 3H , top panels). Notably, position +4 stem cells have been described as a reserved stem cell pool necessary for regeneration in the absence of Lgr5 + cells after widespread intestinal apoptosis to prevent intestinal failure (33, 34) .
Extensive intestinal apoptosis disables an adequate regenerative response, resulting in gastrointestinal failure (34) . Therefore, we evaluated the number of regenerating crypts, defined as crypt-like structures that contain at least 5 adjacent Ki67 + proliferating cells ( Figure 3H ) (34) . In WT epithelium, proliferating cells were uniformly distributed in every crypt ( Figure 3I ). In contrast, in TNK1-expressing animals, regenerating crypts were barely detectable, indicating strongly impaired regeneration ( Figure 3 , H and I). There were patches of Ki67 + crypts scattered throughout the epithelium, with large unstained areas in regions lacking crypts, and scarce Ki67 + cells in a few residual crypts (Supplemental Figure 3C ). In line with these data, the number of differentiated goblet cells was also diminished upon TNK1 induction (Supplemental Figure 3 , C and D).
Thus, TNK1-mediated apoptosis leads to ablation of the intestinal stem cell pool and thereby prevents adequate repopulation of the intestine. This effect is likely to be primarily responsible for the platelet counts, are frequently detectable and correlate with organ dysfunction. TNK1-expressing mice exhibited a decreased platelet count ( Figure 1I ). Coagulopathy in SIRS becomes evident by a procoagulant and antifibrinolytic state, which predisposes to microvascular thrombosis, tissue ischemia, and organ hypoperfusion (28) . Closer examination of the coagulation system in TNK1-expressing mice revealed a massive dysregulation of blood coagulation. The clotting time (CT) was significantly prolonged. The α angle as a readout for platelet function was significantly decreased in TNK1-expressing mice as compared with control mice ( Figure 1J ). A prolonged EXTEM clot formation time and reduced EXTEM maximum clot firmness (MCF) indicated abnormal clot formation in TNK1-expressing mice ( Figure 1J ). Additionally, reduced EXTEM MCF indicated a deficiency of clottable substrate (fibrinogen and/or platelets). Indeed, TNK1-expressing mice also exhibited a fibrinogen deficiency as assessed by FIBTEM analysis (Figure 1 , J and K). The FIBTEM test measures the formation of a fibrin clot after inhibition of platelet function. TNK1-expressing mice showed a prolonged FIBTEM CT and a FIBTEM α angle equal to zero ( Figure 1K ).
The combination of hypothermia, cachexia, a decrease in clottable substrates, anemia, and leukocytosis suggested a septic process. In agreement with this notion, the majority of animals died rapidly after induction of TNK1. Kaplan-Meier analysis revealed a median overall survival of only 48 hours upon induction of TNK1 by doxycycline ( Figure 1L ).
Expression of TNK1 induces disruption of the epithelial barrier. Next, we were interested in the potential cause(s) of systemic inflammation and rapid lethality in TNK1-expressing mice. The most prominent clinical findings in these mice were diarrhea and bloody stools ( Figure 2A and Supplemental Table 2 ). Macroscopic examination of the colon revealed a significant shortening of the colon by 25% as well as intestinal hyperemia ( Figure 2 , A and B). At the microscopic level, we observed a massive shedding of enterocytes into the lumen and severe disruption of the colonic mucosal architecture ( Figure 2C ). There was also a substantial cell exfoliation into the lumen of the small intestine, leading to shortening and blunting of the villi ( Figure 2C ). In line with these findings, expression and distribution of the adherens junction (AJ) component E-cadherin and the tight junction (TJ) marker claudin-1 were both strongly reduced and disorganized in TNK1-expressing mice ( Figure 2C ). AJs and TJs are critical for maintenance of the intestinal barrier (29) . Doxycycline dosing did not contribute to the pathological phenotype in the intestine; WT mice (C57BL/6J) maintained the normal intestinal architecture (Supplemental Figure 2C ). The severity of the gut damage correlated with accumulation/activation of neutrophils as indicated by a significant increase of the neutrophil activation marker myeloperoxidase in the gut of TNK1-expressing mice ( Figure 2D ). Thus, expression of TNK1 resulted in a massive breakdown of the intestinal barrier and consequently the loss of the defense mechanisms against luminal toxins, antigens, and enteric bacteria. This prompted us to seek a putative bacterial translocation as a consequence of the breakdown of the epithelial barrier. Indeed, Gram staining demonstrated bacteria within the intestinal epithelial layers ( Figure 2E ) as well as in mesenteric lymph nodes ( Figure 2F ) of TNK1-expressing mice, but not of control littermates. Thus, TNK1-expressing mice intestinal failure as the primary cause of wasting and death of the TNK1-expressing animals. TNK1-induced damage primarily affects the intestine. High TNK1 expression in the intestinal epithelium could explain the observed clinical phenotype. However, we were interested in whether there was additional damage to other organs in TNK1-expressing animals. Liver, lung, and pancreas of TNK1-expressing mice exhibited anatomical and histological changes. The Histology Activity Index grading system for chronic hepatitis (35, 36) was applied to assess necroinflammatory activity in the liver. Although TNK1 expression in the liver was already detectable 12 hours after doxycycline, gross and histopathological examination exhibited no major differences between TNK1-expressing and control mice. Only minor inflammation, as shown by foci of infiltrating leukocytes, was detectable 12 hours after doxycycline exposure (data not shown). However, 24 hours after doxycycline exposure, livers of TNK1-expressing + cells (arrows) contained within a crypt-like structure (34) (n = 10-12 per group). All analyses were performed 24 hours after doxycycline or saline treatment. Data are expressed as mean ± SEM. Differences were tested by parsametric 2-tailed, unpaired Student's t tests. ANOVA test was applied for multiple-comparison analysis. The mean of each column was compared with the mean of a control column by Dunnett's multiple-comparisons test. (*P = 0.01-0.05; **P = 0.001-0.01; ***P = 0.0001-0.001; ****P < 0.0001.) Scale bars: 50 (H); 100 μm (E and F). Western blot is shown (n = 3). All experimental procedures were conducted 24 hours after exposure of mice to saline or doxycycline. Data are expressed as mean ± SEM. Differences were tested by parametric 2-tailed, unpaired Student's t tests (*P = 0.01-0.05; **P = 0.001-0.01; ***P = 0.0001-0.001; ****P < 0.0001). Scale bars: 100 μm. not only under experimental conditions in mice and pigs but also in humans. This suggests that TNK1 is likely to act in a positivefeedback loop to enhance trauma-induced tissue damage. TNK1 activates NF-κB and STAT3 signaling to release TNF-α and IL-6. To elucidate the molecular mechanism(s) underlying the TNK1-induced death program, we examined the expression of the proinflammatory cytokines TNF-α and IL-6. Expression of TNK1 resulted in an increase in IL-6 levels in plasma, but also in the colon and duodenum, of TNK1-expressing mice ( Figure 6A ). In parallel, we detected an increase in TNF-α mRNA in both tissues upon expression of TNK1 ( Figure 6B ). The TNF-α/IL-6 signaling pathway involves the major transcription factors NF-κB and STAT3. STAT3 can interact with p65, and together they induce gene transcription (41) . Previously it has been shown that TNK1 facilitates TNF-α-induced apoptosis (17) and leads to phosphorylation of STAT1/STAT3 and activation of JAK/STAT signaling (42) . Consistent with an increase in TNF-α and IL-6 and in agreement with the previous data, we found robust nuclear staining of phosphorylated STAT3 (p-STAT3) and p65 in TNK1-expressing intestinal epithelium ( Figure 6 , C and F). Nuclear accumulation of p65 in response to TNK1 expression was validated by examination of p65 expression in nuclear and cytoplasmic fractions, respectively. In the presence of TNK1, there was a marked increase in the amount of p65 protein detectable in the nuclear fraction of intestinal epithelial cells ( Figure 6G ). Immunoblot analysis confirmed TNK1-induced phosphorylation of STAT3 ( Figure 6D ), but not of STAT1 or STAT5 (Supplemental Figure 3, E and F) . We could further demonstrate that STAT3 phosphorylation is a direct consequence of TNK1 activity using in vitro kinase assays with recombinant STAT3 (Figure 6E ). To gain further insight into the molecular signaling events downstream of TNK1, we performed comparative genome-wide transcriptional profiling followed by gene set enrichment analysis. We identified a set of 103 genes in the small intestine that were differentially regulated in TNK1-expressing versus nonexpressing mice (Supplemental Figure 5 and Supplemental Figure 6A ). Gene ontology-based classification revealed that genes involved in response to injury or invasive threat are highly represented in the gut of TNK-expressing mice (Supplemental Figure 6B) . These results are in line with our observation of intestinal hyperpermeability, bacterial translation, and a systemic inflammatory response upon expression of TNK1. Furthermore, gene set enrichment analysis of differentially regulated genes revealed that TNK1-expressing mice exhibit a robust gene signature associated with STAT3 and NF-κB signaling (Supplemental Figure 6C) .
Thus, expression of TNK1 results in induction of the TNF-α/ IL-6 signaling module in vivo, most likely via activation of the STAT3 and NF-κB transcription factors.
Blocking TNF-α impairs TNK1-induced intestinal damage. Proinflammatory cytokines (e.g., TNF) are a hallmark of SIRS and also mediate damage in IBD (5, 43) . TNF-α is one of the extrinsic signals that initiate apoptosis of enterocytes (44) . The apoptosis rate of enterocytes is a determinant of intestinal barrier function. The removal of proinflammatory cytokines from the bloodstream can improve survival in SIRS (5, 13), and TNF-α neutralization represents one of the most efficient biological therapies of IBD. TNK1 facilitates TNF-α-induced apoptosis (17) . Our data show that TNK1 the airspace together with alveolar edema, bronchial destruction, and apoptosis, all pointing to acute lung injury (Figure 4, I-K) .
Different mechanistic scenarios could explain these observations: (a) organs other than the gut are less permissive to a TNK1-driven apoptotic program; (b) alternatively, the TNK1 expression threshold that drives catastrophic damage is not reached in pancreas and liver because of differences in the absolute transgene expression levels (Supplemental Figure 1, C and D) ; (c) and/ or indirect mechanisms potentiate damage at distant organs, e.g., lung, as suggested by the absence of the TNK1 transgene via immunoblotting. Taken together, TNK1 expression appears as a critical module in mediating tissue damage primarily in the gut.
TNK1 expression is dysregulated in response to stress across various species. Since TNK1 expression can be induced by cell stress (20) , we wanted to define a potential pathophysiological role of TNK1 in the course of trauma. First, we examined whether TNK1 expression would change in response to various severe traumatic stressors using a mouse model of experimental trauma. Anesthetized mice were subjected to a sham procedure or polytrauma in the presence or absence of an additional hemorrhagic shock as described previously (37) . TNK1 transcripts were significantly increased in the small intestine and colon already 4 hours after trauma induction ( Figure 5A ). A minor increase could also be detected in the lung and pancreas ( Figure 5B ), while Tnk1 expression levels in liver and kidney remained unchanged (data not shown). Hemorrhagic shock in addition to the polytrauma further increased Tnk1 expression in small intestine and pancreas (Figure 5, A and B) . Immunohistochemistry for TNK1 confirmed an increase in TNK1 expression in the small intestine and colon epithelia upon polytrauma and hemorrhagic shock ( Figure 5C ).
Our data from the TNK1-transgenic mice proposed an induction of SIRS followed by multi-organ dysfunction syndrome (MODS) and death due to a breakdown of the intestinal barrier, bacterial translocation, and sepsis, suggesting an underlying pathophysiological role of TNK1. Therefore, we next examined TNK1 expression in an experimental murine sepsis model, where sepsis is induced by cecal ligation and perforation (38) . Using this model, we detected a significant increase in TNK1 expression at the protein and mRNA levels in the ileum of septic mice ( Figure  5 , D and E). To further corroborate these findings, we also used a porcine model (39) of experimental hemorrhagic trauma, since pigs are more representative of the human condition regarding physiology, anatomy, and genetics (40) . Again, hemorrhagic shock increased TNK1 expression in both the colon and the small intestine of pigs (Figure 5, F and G) .
Apart from SIRS, an apoptotic tissue damage program in the intestine has also been described in chronic IBD (12) . Therefore, we examined TNK1 expression in colon and terminal ileum biopsies from patients with severe Crohn's disease (CD) (n = 6) and healthy controls (n = 6) ( Figure 5 , H and I). TNK1 expression was increased in biopsies from CD patients as compared with disease controls in both inflamed colon and ileum ( Figure 5, H and I ). In line with its role to regulate apoptosis in the intestine, the basal level of TNK1 expression was also disrupted in human colon cancer across all stages (Supplemental Figure 4, A and B) .
Collectively, our data show that the tight regulation of TNK1 expression is disrupted after severe trauma and intestinal injury 5 0 6 4 jci.org Volume 128 Number 11 November 2018 less disturbed in VilCreTnk1 -/-mice ( Figure 8H ). Consistently, tissue levels of the proinflammatory cytokines IL-6 and TNF-α in the colon were significantly lower ( Figure 8, I and J). These data suggest that TNK1 indeed acts to promote intestinal damage in response to various exogenous stressors.
Discussion
Sepsis and multi-organ failure are serious and frequent complications of trauma, and gut failure is an essential factor in the pathogenesis and progression of systemic inflammation that can culminate in multiple organ failure (MOF). A key pathological event in this process is the failure of the gastrointestinal barrier with resulting translocation of luminal substrates to the bloodstream and loco-regional lymph nodes. This is followed by the exacerbation of local and systemic immune responses. All these events contribute to the pathophysiological crosstalk between the gut, liver, and pancreas as well as distant organs such as the lung. The gutlymph-lung axis is a direct anatomical link between the gut and the lung. Breakdown of the intestinal barrier leads to the release of nonbacterial, gut-derived factors into the mesenteric lymph, leading to distant organ damage (46, 47) . Mesenteric lymph bypasses the portal circulation and consequently the secondary "firewall" provided by the liver. Unfiltered luminal components, locally produced cytokines, and activated immune cells that exit the mesenteric lymph nodes will be able to leak directly to the pulmonary circulation and cause acute lung injury.
Increased intestinal permeability positively correlates with MOF and poor prognosis. Indeed, the breakdown of the intestinal barrier is observed as a secondary event after various acute traumas, e.g., brain injury (48) or severe liver damage (49) , but the mechanisms involved are poorly characterized. Pronounced apoptosis is observed in several tissues during MOF, particularly in acute lung injury and AGI. This points to organ-spanning factors that mediate or initiate such a damage program. By nature, such factors require a swift and also tight regulation of their activity (50) .
In the current study, we identify TNK1 as a key mediator of intestinal apoptosis in response to various stressors, leading to intestinal damage, a breakdown of the intestinal barrier, increased intestinal permeability, and subsequent multi-organ dysfunction.
TNK1 is a tyrosine kinase whose activity is primarily regulated by expression and not by upstream regulators. Upon expression, the kinase shows almost the maximal activity. This is most likely the reason why its expression is tightly regulated, e.g., during embryonic development. Adult tissues exhibit only a low level of Tnk1 mRNA (17) . Methylation of the Tnk1 promoter and binding of the transcription factors SP1, SP3, AP2, and MED1 regulate the Tnk1 promoter in a combinatorial manner, which could account for differential expression of TNK1 observed in various tissues (20) . Methylation of the CpG sites in the Tnk1 promoter is a likely mechanism for the negative regulation of TNK1 expression (19) . Methylation may prevent transcription factor SP/MED1 proteins from binding to and activating the Tnk1 promoter (20) . Tnk1 is ubiquitously expressed at low levels, and cellular stress can upregulate expression (24) . Enhancement of SP1, SP3, AP2, and MED1 transcription factors under stress conditions is likely to result in enhanced Tnk1 promoter activation and induction of Tnk1/Kos1 (20) . Moreover, TNK1 has been shown to exert proapoptotic properties (17) . with mice treated with doxycycline alone (Figure 7, A and B , and data not shown). In line with this clinical outcome, the integrity of the intestinal mucosa appeared improved ( Figure 7C ). The barrier proteins E-cadherin and claudin-1 were normally distributed at the sites of cell-cell contact in IFX-and doxycycline-treated animals, indicating a virtually intact mucosal architecture ( Figure  7D ). TNK1 expression ( Figure 7C , right) itself was not affected by IFX, suggesting that TNF-α acts downstream of TNK1 in line with the data presented above. To specifically investigate whether anti-TNF-α treatment can limit the TNK1-induced apoptotic program in the gut, immune labeling for cC3 was conducted. Only doxycycline-treated mice showed pronounced apoptosis predominantly at the cryptal base of the colon and small intestine. When mice were pretreated with IFX, the number of apoptotic cells was markedly reduced in TNK1-expressing mice (Figure 7, E and F) . Besides, Lgr5 transcript levels were only slightly diminished in the intestinal crypts of TNK1-expressing mice pretreated with IFX ( Figure 7G ). Finally, we assessed TNF-α transcript levels in mice treated with IFX and doxycycline versus mice treated with doxycycline only. The previously observed TNF-α induction upon TNK1 expression was either abolished or strongly attenuated in the small intestine and colon, respectively, indicating a feed-forward loop driven by the TNK1/TNF-α axis ( Figure 7H) .
Loss of TNK1 protects the intestinal mucosa. To additionally prove the pathophysiological relevance and specificity of our model and to exclude that high TNK1 expression levels simply activate an artificial death program, we first reduced the dose of doxycycline in TNK1-expressing mice. Indeed, there is a clear correlation between TNK1 expression levels and the extent of damage in the intestine and thus improved survival of the animals (Supplemental Figure 7, A-F) .
Second, a Cre-lox approach (VilCreTnk1 -/-) was applied to delete Tnk1 specifically in the intestine ( Figure 8A and Supplemental Figure 8 ). These mice were viable and healthy without any signs of colitis or tumor formation (data not shown). We induced experimental colitis in WT (Tnk1 fl/fl ) or Tnk1-knockout (VilCreTnk1 -/-) mice using dextran sodium sulfate (DSS) as a chemical inducer of epithelial injury, which results in intestinal inflammation. DSS is widely used for this purpose and faithfully recapitulates the features of ulcerative colitis (45) .
Epithelial injury inflicted by DSS led to an upregulation of TNK1 expression in WT mice (Tnk1 fl/fl ), further supporting our hypothesis that TNK1 is a central mediator of intestinal damage. As expected, there was no TNK1 expression either in the intestine of VilCreTnk1 -/-mice or in organoid cultures derived therefrom ( Figure 8 , B and C, and Supplemental Figure 8 ). Tnk1 fl/fl mice exhibited the expected severe inflammation with transmural leukocyte infiltration, thickening of the bowel wall (Figure 8, D , E, and G, and Supplemental Table 1) , and a severe loss of goblet cells ( Figure 8F ). The intestinal barrier appeared disrupted as indicated by a loss of AJs and TJs as determined by immunofluorescence (IF) of E-cadherin and claudin-1, respectively ( Figure 8H ). In contrast,
VilCreTnk1
-/-mice developed less severe colitis than Tnk1 fl/fl mice in response to DSS. Tnk1-knockout mice exhibited only moderate inflammation as demonstrated by a significantly lower histological bowel inflammation score and a significantly higher number of goblet cells compared with Tnk1 fl/fl mice (Figure 8 , D-G, and Supplemental Table 2 ). Furthermore, the intestinal barrier appeared 5 0 6 7 jci.org Volume 128 Number 11 November 2018 fact that TNK1 was markedly upregulated in the gut in a mouse model of sepsis and also in response to various stressors such as polytrauma, hemorrhagic shock, or DSS-inflicted intestinal epithelial damage. Expression of TNK1 was not only upregulated in murine trauma models but could also be observed in the porcine intestinal epithelium in response to a hemorrhagic shock. Furthermore, patients with CD also exhibit dysregulated levels of TNK1 expression in their colon and ileum mucosa. Thus, the dysregulated/upregulated TNK1 expression/activation appears to play a role in the pathogenic process of intestinal barrier disruption upon multiple stressors and in various species. Importantly, depletion of TNK1 in mice with intestine-specific Tnk1 knockout resulted in a markedly reduced release of cytokines and a substantially attenuated intestinal inflammation when challenged with DSS.
We propose TNK1-triggered apoptosis as the primary mechanism of intestinal barrier disruption. The crypt-villus axis exhibited a gradual decrease in sensitivity to TNK1-induced cell death, although the expression of the transgene appeared homogenous. Most apoptotic cells were detectable at the crypt instead of the villus, indicating apoptosis of stem cells. Consequently, intestinal regeneration was markedly impaired and insufficient. Intestinal apoptosis was also accompanied by a massive disruption of adherens and tight junctions in the gut that are both critical for the preservation of normal intestinal epithelial barrier function and key regulators of paracellular epithelial permeability. Loss of cadherins results in accelerated migration of cells along the crypt-villus axis and consequently in perturbed cellular differentiation (51) . The loss of adherens junction can further influence the onset of apoptosis (52) and is also likely to contribute to the observed massive apoptosis and mucosal shedding. The adherens junction proteins of the cadherin family are not just required for the mechanical integrity of the intestinal epithelium but are also a prerequisite for the proper maturation of Paneth and goblet cells (51) . In agreement with this, TNK1-expressing mice showed a significantly lower number of goblet cells.
In vitro studies have shown that TNK1 facilitates TNF-α-induced apoptosis through negative regulation of the transactivation capacity of NF-κB (17) . Consistently, we show that neutralization of TNF-α limits TNK1-induced apoptosis in the gut. The number of apoptotic cells at the stem cell compartment of the gut was also reduced in infliximab-pretreated TNK1-expressing animals. Thus, the TNK1 expression could at least in part explain the positive effect of therapeutic inhibition of TNF-α on the course of sepsis (53) .
The transcription factors NF-κB and STAT3 are regulators of life and death decision for cells. Whether NF-κB induction will lead to apoptosis or survival depends both on signals elicited by the death inducers and on cell type (54) . Expression of TNK1 in the intestine was accompanied by NF-κB and STAT3 nuclear translocation/activation and expression of NF-κB/STAT3 proapoptotic and prosurvival target genes. Gene Ontology (GO) terms containing, e.g., keywords "immune," "cytokine stimulus," or "defense" were enriched together with gene sets defining IL-6, TNF-α, NF-κB, and STAT3 signaling, further stressing a TNK1 node involving the IL-6/STAT3 and the TNF-α/NF-κB axis. Notably, the TNK1 promoter regulating the transcription factors SP1 and SP3 can bind upon IL-6 stimulation on the STA3 promoter to To further explore the biological function of TNK1, we generated an inducible TNK1 mouse model. In this model, induction of TNK1 resulted in high expression of the kinase in the gut. Upon expression of TNK1, we observed rapid health deterioration and death of the mice. We could exclude cardiovascular or brain injury as a cause of death of the animals since neither heart nor brain showed histological alterations upon TNK1 expression. There was some lung injury upon TNK expression; however, the clinical relevance of the findings was mild, as blood gas analysis revealed normoxia (data not shown). Strikingly, TNK1-expressing mice exhibited an entirely disrupted intestinal barrier due to intestinal apoptosis, as well as coagulopathy, and hypothermia pointing to severe sepsis as the primary cause of death in response to TNK1 induction. TNK1 expression and intestinal apoptosis were accompanied by a marked cytokine release as demonstrated by increased IL-6 and TNF-α levels in the gut and serum of TNK1-expressing mice.
Thus, TNK1 expression in the intestine could be a motor of multi-organ dysfunction. Intestinal dysfunction has been linked to the pathogenesis of SIRS, acute respiratory distress syndrome, acute lung injury, and MODS. Indeed, barrier failure in the stressed gut seems to be a "point zero" for bacterial translocation and systemic spread but also a source of nonmicrobial, proinflammatory, and tissue-damaging factors. Indeed, TNF-α and IL-6 released by the gut contribute to distant organ damage. Although both ways of distant organ injury (bacteria and released factors) may occur hand in hand, they do not necessarily require each other. This underlines the concept of gut-originated sepsis (6) . Indeed, a closer examination of the TNK1-expressing mice revealed both bacterial translocation to loco-regional lymph nodes and release of factors known to mediate injuries, such as TNF-α and IL-6. These observations together with the apoptosis-induced breakdown of the intestinal barrier suggest that TNK1 can be a crucial mediator of the gut-originated sepsis. This hypothesis is supported by the ) with animals expressing Cre recombinase under the control of the villin promoter.
The Cre-flox-based inducible cassette exchange approach was used to establish an inducible Tnk1-knockin mouse model. The Tnk1-knockin model is a Tet-On system that bears an inducible tetracyclineresponsive promoter element and the active form of TNK1 kinase at the X-chromosomal Hprt locus, in addition to a reverse tetracyclinecontrolled transactivator (rtTA) at the Rosa26 locus (Rosa26rtTA) (60) .
Eight-week-old Tnk1-knockin mice (Rosa26rtTA/+, Hprt MycTnk1tg) were injected i.p. with doxycycline (50 μg/g) to induce expression of TNK1. Control animals were injected i.p. with the same volume of saline solution (0.9% NaCl).
Acute colitis was pharmacologically induced in Tnk1 fl/fl and VilCreTnk1 -/-mice as previously described (45) . Shortly thereafter, mice were fed for 7 days with 4% DSS polymer in drinking water provided ad libitum (1 DSS cycle) and subsequently sacrificed on day 8 (45) . The severity of colitis was estimated according to Wirtz et al. (45) . TNF-α neutralization was achieved by infliximab (IFX) pretreatment of Rosa26rtTA/+, Hprt Myc-Tnk1tg /+ mice (6.25 mg/kg IFX, single i.v. injection). Forty-eight hours after IFX pretreatment, animals were exposed to doxycycline (50 μg/g, i.p.) to induce expression of TNK1. The experiment was terminated 24 hours after doxycycline or saline exposure.
Statistics. Data were expressed as the mean ± SEM. Differences were tested by parametric 2-tailed, unpaired Student's t tests. ANOVA test was applied for multiple-comparison analysis. The mean of each column was compared with the mean of a control column by Dunnett's multiple-comparisons test. The P values of less than or equal to 0.05 were considered statistically significant. The Kaplan-Meier method was used to estimate survival probabilities and to compare survival between mouse cohorts. Statistical analysis was done using GraphPad software.
Study approval. All experimental procedures conducted on animals were approved by the Animal Care committee of Ulm University and the federal authorities for animal research (Tübingen, Germany). The experiments were performed in adherence with the German national guidelines for the use of laboratory animals (Deutsche Tierschutzgesetz) and the European Union "Directive 2010/63/EU on the protection of animals used for scientific purposes" (animal experiment approval numbers TVA Nr-1187, TVA Nr-1255, TVA-Nr-1194, O-197, TVA Nr-1087).
Prior to the start of the study, a positive vote from the institutional review board of Ulm University was obtained (approval numbers 317/12, 230/14, 128/15). Participation in the study was voluntary. All patients signed a written informed consent prior to inclusion.
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Morphological signs of apoptosis in the gut of TNK1-expressing mice coincide with upregulation of proapoptotic executor and sensitizing/activating proteins. Sensitizing proteins like BAD bind to the antiapoptotic proteins (MCL1), thereby liberating activator BCL2 family proteins to promote apoptosis (57) . Ultimately, whether cells undergo apoptosis depends on the complex interaction of proapoptotic and prosurvival BCL2 family members. Activation of either of the apoptosis executor proteins of the BCL2 family (BAX, BAK) is necessary and sufficient for mitochondrial pathway apoptosis. They trigger the release of apoptogenic factors from the mitochondria into the cytoplasm, thereby leading to caspase activation. Caspases target several strategic components in the NF-κB pathway and thereby terminate its antiapoptotic activity, e.g., by direct cleavage of NF-κB-induced antiapoptotic gene products. cIAP and XIAP are cleaved by caspase-3-related caspases, and overexpression of proteolytic products further potentiate apoptosis (58, 59) . Notably, our data show caspase-3 activation and robust cleavage of PARP upon TNK1 expression in the intestinal epithelium.
The findings presented here add to our understanding of pathophysiological signaling in the intestine in response to various stressors/traumas and across different models and species. They directly implicate TNK1 in the pathophysiology of intestinal injury in response to various traumas, including polytrauma and hypovolemic and septic shock, and consequently in MODS. Targeting TNK1 in the intestinal epithelium may be a promising therapeutic approach in situations in which the intestinal homoeostasis is disturbed.
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TNK1 mouse models and treatment. A Cre-loxP recombination system under control of the villin promoter was used to delete the TNK1 catalytic domain in intestinal epithelial cells (VilCreTnk1 -/-). mTnk1 cDNA corresponding to the kinase region was used to screen, by hybridization, a mouse 129/Ola Cosmid genomic library for full-length mTnk1 genomic DNA. Long arm (exons 3-14) and short arm (exons 1-2) were obtained from mTnk1 genomic clone MPMGc-121D21266Q2 (RZPD, Berlin) and subcloned into targeting vector (pPNT4). The targeting construct was electroporated into the E14 embryonic stem (ES) cells, and homologous recombination-positive clones were identified by Southern blot. Targeted-ES clones were injected into the blastocyst of a pseudopregnant female (C57BL/6N) to obtain chimeras. Subsequently, chimeras were bred to mice with the C57BL/6N genetic background to assure a germline transmission. Intestine-specific Tnk1 deletion was achieved by cross-breeding of jci. RNA array. JMK and HAK performed gene set enrichment analysis. SV measured glucose and corticosterone levels in plasma. KP and SZ generated organoids. SRJ contributed with his expertise in the field of IL-6 signaling. AS performed differential FACS analysis of the bone marrow cell population. BMW provided biopsies from patients. PR provided gut samples from pigs. CW and SB contributed with in situ hybridization. JG performed quantification of TNK1 expression in human gut samples from healthy individuals and Crohn's disease patients. MA, AK, and TS drafted the manuscript. All authors reviewed and approved the final version. TS and AK approved the final version for submission.
